Introduction
Terrestrial geo-engineering is currently being explored as a largescale venture to mitigate against rapid terrestrial climate change due to anthropogenic carbon emissions. A range of schemes have been proposed, including the use of orbiting solar reflectors to reduce solar insolation to compensate for increased radiative forcing of the climate (Early 1989; Angel 2006) . While the scale of endeavour required to deploy geo-engineering schemes is impressive, on an even more ambitious scale the same technologies which can be envisaged to engineer the Earth's climate can be scaled to engineer the climate of Mars. Such terraforming schemes (engineering an Earth-like cli-mate) have long been discussed, although the concept became somewhat more mainstream with the work of others (Sagan 1961, 1973) . Bioengineering schemes have been proposed, including the delivery of customized organisms to convert carbon dioxide to oxygen in the atmosphere of Mars, and darkening the Martian polar caps to reduce their albedo, again using customized organisms. Halocarbons synthesised on Mars have also been considered as a tool to quickly raise the surface temperature and so liberate trapped carbon dioxide (Gerstell et al. 2001; Badescu 2005 ).
More direct terraforming schemes have been proposed for
Mars, including the use of orbiting solar reflectors to increase total solar insolation. Such reflectors can be used to increase the mean surface temperature through direct radiative forcing, or can attempt to catalyze favourable climatic transitions by preferentially heating the polar caps in an attempt to release frozen carbon dioxide. Zubrin and McKay estimate that a rise in polar temperature of order 4 K may be sufficient to drive a transition to a new climate state in which the polar caps have evaporated, delivering an atmosphere with a surface pressure of 50-100 mb, as the first step of a longer term terraforming process. It is estimated that sufficient carbon dioxide exists in both the polar caps and regolith to ultimately raise the surface pressure to 300-600 mb. The solar reflectors to produce such a transition are envisaged to be in static equilibria high above the poles of the planet (Zubrin and McKay 1997) , or in displaced polar orbits (McInnes 2002) . The reflector system proposed by Zubrin was to be used solely to heat the polar caps, while the much larger systems discussed by both Birch (1992) and Fogg (1992) were seen as providing an increase in total insolation, averaged over the planetary surface. These reflectors are envisaged as part of a larger terraforming effort, with the reflectors used to increase the total planetary insolation by as much as 30%.
As has been noted elsewhere (Maunter and Parks 1990) , the main advantage of using large solar reflectors for planetary engineering (geo-engineering or terraforming) is the vast energy leverage obtained in a relatively short time. The total energy intercepted by the reflector quickly grows beyond the energy required for its fabrication, leading to a highly efficient tool for climate modification. In addition to displaced orbits, the use of static equilibria for Mars solar reflectors proposed by Zubrin is also discussed (Zubrin and McKay 1997) . At these locations on the night-side of Mars, the solar radiation pressure force exerted on the solar reflector exactly balances the local gravitational force. The efficiency of these locations for increasing planetary insolation is discussed. It has been
shown that even for an ideal reflector, the reflector orientation which is required to ensure static equilibrium leads to only half of the radiation reflected being intercepted by the planetary body, while the remainder is lost. For a more realistic reflector with non-perfect optical reflectivity it is found that the problem is significantly worse (McInnes, 2000) . In fact, the orientation required for a non-ideal reflector to be maintained in static equilibrium can lead to all of the reflected radiation being directed away from the planetary body.
Therefore, there are fundamental difficulties associated with the use of static equilibria for Mars terraforming.
Mars Climate Engineering
As discussed earlier, solar reflectors can be envisaged as planetary engineering tools which can be used to drive the mean surface temperature of Mars upwards by direct radiative forcing, or by attempting to liberate frozen carbon dioxide from the polar caps (Oberg 1981; McKay et al. 1991; Birch 1992; Fogg 1995; Zubrin and McKay 1997) . Here, it will be assumed that solar reflectors are used and an albedo of 0.25, the black-body temperature is found to be 210 K. This is only slightly cooler than the mean surface temperature of 217 K, the discrepancy being due to atmospheric carbon dioxide.
In order to directly increase the mean surface temperature to that required for terraforming by radiative forcing would require a significant increase in planetary insolation. However, feedback processes are likely to be of benefit and may allow a more modest increase in solar insolation to achieve a large rise in mean surface temperature. For example, as the mean surface temperature rises due to solar heating, carbon dioxide from the polar caps may be liberated, leading to a positive feedback as the Martian atmosphere is thickened with greenhouse gases. In a synergetic scenario for terraforming Mars an increase in solar insolation of order 30% is envisaged (Fogg 1992) , which is coupled with other activities to drive the mean surface temperature upwards.
The total planetary insolation of Mars is simply πR 2 S which corresponds to a thermal input of 2.13x10 16 W. To increase the planetary insolation by some fraction λ, the heat balance is modified such that ( )
. The new mean surface temperature can therefore be written as
An enhancement of total insolation by 30% requires an additional 6.38x10 15 W to be delivered by the solar reflectors. With this additional thermal input Eq. (6.2) shows that the black-body temperature of the planet rises to 228 K, providing only a modest direct increase in mean surface temperature, although again climatic feedback is anticipated to drive the mean surface temperature upwards (Fogg 1992 ).
Solar Reflector Orbit Selection

Circular Orbit
In order to assess candidate orbits for solar reflectors, an evaluation of three possibilities will be conducted: a circular orbit in the ecliptic In order that the reflected solar radiation is directed toward the surface of Mars (along the terminator) the reflector attitude α is fixed at
It can be seen that approximately 71% of the maximum available solar energy SA is transferred to the surface pf Mars. Evaluating the effectiveness of the circular and polar orbits it can be seen that
so that polar orbits are in principle more efficient. A family of displaced polar orbits will be considered later in Section 4. These orbits are able to manage momentum transfer to the reflectors from solar radiation pressure, which would otherwise lead to secular perturbations on the reflector orbit. 
Static Equilibria
An alternative to a Keplerian orbit about Mars is non-orbiting static equilibria, as discussed by Zubrin and McKay (1997) , based on a concept by Forward (1991) . These equilibria require that the solar radiation pressure force exerted on the reflector is directly balanced by the local gravitational force leading to a static equilibrium high above the poles. While a detailed three-body analysis of such equilibria has been performed (McInnes et al. 1994) , for static equilibria close to Mars (approximating a 2-body rather than 3-body problem) the reflector normal must be directed along the Mars-reflector line to ensure the correct force balance, assuming an ideal reflector. However, the orientation required for a non-ideal reflector to be maintained in static equilibrium leads to most of the reflected radiation being directed away from the planetary body. Therefore, static equilibria do not appear to be a suitable location for Mars solar reflectors (McInnes, 2002) .
Families of Displaced Polar Orbits
In order to re-direct solar radiation to increase the total planetary insolation, reflectors must be deployed on suitable orbits, as discussed in Section 3. One of the key issues is management of the momentum it can be seen that the orbital angular velocity required for this desired reflector orientation is given by
The corresponding reflector acceleration can now be obtained from Eq. (6.10b). A section of the surfaces of constant reflector acceleration generated by this family of orbits is shown in Fig. 6 .5 in the ρ-z plane. Each point on a surface corresponds to a displaced orbit with some radius ρ and displacement distance z in the anti-Sun direction.
It can be seen that the surfaces of constant reflector acceleration have a rotational symmetry about the Sun-line, and that for a given reflector acceleration a an orbit with a large radius and small dis- 
Displaced Polar Orbit Stability
Now that a family of orbits with the appropriate reflector orientation has been defined, its stability characteristics will be investigated. The family of displaced orbits is partitioned into stable and unstable groups by the conditions tr(M)>0 and det(M)>0, denoted by the dashed line in Fig. 6 .5. This partition between the stable and unstable orbits is approximated by the boundary ρ=4z, with stable orbits in the region ρ>4z. It can be seen then that only orbits relatively close to the planetary terminator are linearly stable, while orbits with a large displacement are unstable. Clearly, it is advantageous to use stable orbits to avoid the need for active control and to mitigate against the risk of failure. Any failure in such an active control system would excite the unstable modes of the orbit and lead to a catastrophic loss of the reflector system. However although unstable, it can be shown that the orbits are strictly controllable (McInnes, 1999) .
Solar Reflector Fabrication
The mass required to fabricate a solar reflector utilizing the passively stable orbit discussed above will now be considered. Table 6 .1, while a comparison with space-based geo-engineering schemes is shown in Table 6.2.
Clearly, the fabrication of a reflector with a total mass of order 10 10 kg would require an advanced industrial space capacity with the ability to exploit extraterrestrial resources. For example, the mass requirements for the solar reflector can be satisfied by M-type asteroids, which are relatively abundant in Nickel-Iron materials (Gehrels, 1979) . Assuming that the reflector is fabricated from thin metallic film processed from such a body, and that the asteroid has a bulk density similar to that of Iron (7860 kg m -3 ), an asteroid with a radius of order 70 m will provide the required mass. Including a non-metallic content of as much as 50% will increase the required asteroid radius to order 90 m. The asteroid would require to be processed in-situ, probably using solar heating, and the metallic products extruded into thin film for fabrication of the solar reflector elements.
Again, assuming a density of order 1 gm -2 , the film thickness would be of order 0.1 µm. Processing thin film of this thickness is clearly challenging, but ultimately it is the film thickness which drives the total mass of the reflector system. Terrestrial experiments have been performed to produce thin metallic film of comparable thickness, although only on a laboratory scale (Drexler 1979) .
Lastly, it is interesting to speculate as to the effect of such a displaced ring of orbiting solar reflectors on the sky, as seen from the surface of Mars. For an observer near the equator, the tip of the ring will slowly rise above the eastern horizon, and would likely be rather dim in the darkening dusk sky due to diffusely scattered light.
Since the ring is composed of a vast number of individual reflectors, it would like appear as a dense ribbon of point sources, packed denser than the Pleiades. As local sunset is reached the ring would brighten relative to the darkening sky and gradually rise until it formed a thin bright arc stretching from the northern horizon to the south. Since the orbit of the ring is displaced, the peak brightness of the ring would occur sometime after sunset, providing a spectacularly bright structure in the night sky. After peak brightness, the ring would begin to dim, drifting westwards and sinking again towards the horizon. This spectacular display would then be repeated prior to dawn with the ring providing a brilliant precursor to local sunrise. 
